One sentence summary: The authors display the first phylogenetic tree of Vibrio parahaemolyticus AHPND-causing strains isolated from AHPND outbreaks using multilocus sequence typing analysis. Editor: Craig Shoemaker
INTRODUCTION
Shrimp early mortality syndrome (EMS) causes large-scale dieoffs of cultivated shrimps, which occur commonly within the first 30 days after stocking in grow-out ponds. The EMS outbreaks in shrimp farms are typically related to known virus pathogens such as white spot syndrome virus and yellow-head virus (Flegel 2012; NACA 2012) . Recently, the outbreaks of nonvirus-linked EMS in cultivated Penaeid shrimps Litopenaeus vannamei and Penaeus monodon occurred in several Asian countries and Mexico (Flegel 2012; Leaño and Mohan 2012; NACA 2012; FAO 2013) . Acute hepatopancreatic necrosis disease (AHPND) has subsequently been proposed as a novel disease criterion, based on the specific histopathology of affected shrimp hepatopancreas (HP) to differentiate from other EMS cases (NACA 2012; FAO 2013; Tran et al. 2013) . AHPND-suspected shrimps show gross signs of abnormal HP with significant atrophy and discoloration when compared with the normal shrimps (NACA 2012) . The histopathology of AHPND is characterized by massive cell sloughing of HP tubule epithelial cells together with the dysfunction of B, F, R and E cells of HP of affected shrimps (Flegel 2012; NACA 2012; Tran et al. 2013; Joshi et al. 2014) . The causative agent of AHPND in Thai and Vietnamese cultivated shrimps is identified as Vibrio parahaemolyticus (Tran et al. 2013; Joshi et al. 2014) .
Vibrio parahaemolyticus is a Gram-negative marine and estuarine bacterium, also known to be a human pathogen that causes food-borne gastroenteritis (Su and Liu 2007) . Almost all of human pathogenic strains produce thermostable direct hemolysin (TDH) and/or TDH-related hemolysin (TRH), which are encoded by tdh and trh, respectively (Okada et al. 2009 ). TDH induces β-hemolysis on Wagatsuma blood agar, known as Kanagawa phenomenon (KP). The KP-negative clinical strains produce TRH, and the presence of trh is correlated with the production of urease (Suthienkul et al. 1995) . Vibrio parahaemolyticus possesses two sets of the type III secretion system (T3SS1 and T3SS2), which are proposed to be important virulence factors of this organism. T3SS1 is present in all V. parahaemolyticus strains whereas T3SS2 is present only in human clinical strains. The T3SS2 is divided into two types, T3SS2α and T3SS2β. The presence of T3SS2α is correlated with the presence of tdh while T3SS2β is present in trh-positive strains (Okada et al. 2009) .
Recently, the draft genome sequences of V. parahaemolyticus EMS/AHPND strains isolated in Mexico and Thailand have been reported (Gomez-Gil et al. 2014; Gomez-Jimenez et al. 2014; Kondo et al. 2014; Yang et al. 2014) . These EMS/AHPND-causing strains lacked the genes for the known virulence factors affecting to humans such as TDH, TRH and T3SS2 in the genome sequences. In addition, Joshi et al. (2014) reported that tdh and trh genes were not detected by PCR in the six isolates causing AHPND. Thus, although the number of tested isolates was limited, these studies suggested that the AHPND-causing V. parahaemolyticus strains might have the distinct virulence factors from human pathogenic strains.
Serotyping and molecular characteristics of AHPND isolates from cultivated shrimp farms located in Southern Thailand were elucidated by Kongrueng et al. (2015) . The 33 AHPND V. parahaemolyticus isolates were detected using specific PCR primers to AHPND strains. Most of them shared similar pulsed-field gel electrophoresis (PFGE) profiles, suggesting the AHPND strains might have originated from a single clone, but different from those of clinical and environmental isolates.
Multilocus sequence typing (MLST) has been used to study the epidemiology of pathogenic bacteria (Maiden 2006) . Previous MLST analyses using V. parahaemolyticus strains from clinical and environmental sources demonstrated that this organism is genetically diverse, although human clinical strains, particularly endemic and pandemic complexes, show a high degree of clonality (González-Escalona et al. 2008; Johnson et al. 2009; Chao et al. 2011; Yan et al. 2011; Yu et al. 2011; Ellis et al. 2012; Ellingsen et al. 2013; Gavilan, Zamudio and MartinezUrtaza 2013; Theethakaew et al. 2013; Turner et al. 2013; Urmersbach et al. 2014) . However, despite the emergence and increasing incidence of V. parahaemolyticus-associated AHPND, little is known about the genetic and phylogenetic relationship among the AHPND-causing isolates. In this study, we examined the prevalence of the known virulence factors in V. parahaemolyticus strains associated with AHPND-suspected outbreaks in Thailand. Furthermore, to understand the phylogenetic relationship among AHPND-associated V. parahaemolyticus, we performed the MLST and analyzed the phylogeny of V. parahaemolyticus, including the AHPND-associated strains.
MATERIALS AND METHODS

Bacterial strains
Vibrio parahaemolyticus strains used in this study are summarized in Table 1 . Nine strains were isolated from healthy or AHPNDsuspected Pacific white shrimps in farms located in Thailand. Nine strains were isolated from the rearing ponds. AHPND was diagnosed according to the pond-site diagnosis criteria published in Network of Aquaculture Centres in Asia-Pacific (NACA) (2012). Strains VP-Biot and VP-TRI, both of which were isolated from EMS/AHPND shrimps, were kindly provided by a private shrimp farm located in Eastern Thailand. These two strains have been proven to cause mortality in shrimps challenged with 10 5 cfu ml −1 of bacteria. Strain 2HP was kindly provided by Dr Timothy W. Flegel (National Research Council of Thailand and National Center for Genetic Engineering and Biotechnology, National Science and Technology Development Agency, Thailand). This strain was isolated from HP of EMS/AHPNDaffected shrimps and has been proven to cause high mortalities in shrimp bioassay (Joshi et al. 2014) . The 10 human clinical V. parahaemolyticus strains isolated from stool samples of human diarrheal patients were obtained from our stock collection belonging to Dr Orasa Suthienkul.
Serotyping
Serotyping of V. parahaemolyticus strains was performed using a commercially available V. parahaemolyticus antiserum test kit (Denka Seiken, Tokyo, Japan) according to the manufacturer's instructions. Briefly, overnight cultures of V. parahaemolyticus strains (37 • C on tryptic soy agar (TSA; Difco, Detroit, MI, USA) containing 3% NaCl) was collected and resuspended in 2 ml normal saline. An aliquot (1 ml) was prepared by autoclaving at 121
• C for 1 h and served as O antigen. The remaining 1 ml of unautoclaved cell suspension was used for K antigen determination.
Chromosomal DNA preparation
Cell pellets from 2 ml of overnight culture in LB broth containing 3% NaCl were harvested by centrifugation at 12 000 g for 5 min. Chromosomal DNA of V. parahaemolyticus strains was extracted using DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. 
Detection of AHPND markers by PCR
The presence of AHPND markers AP1, AP2 and AP3 was determined by PCR amplification using previously described primers (Flegel and Lo 2014; Sirikharin et al. 2014) .
Virulence marker analysis
The presence of virulence-related genes was determined using 21 sets of primers (Table S1 in the online supplementary material). The 10 ng of each chromosomal DNA was used as a template for PCR detection. The PCR conditions were shown in Tables S2 and S3 in the online supplementary material. The PCR products were analyzed by 2% agarose gel electrophoresis. Kanagawa phenomenon was determined using Wagatsuma blood agar as described in the US FDA's bacteriological analytical methods (Elliot et al. 1998) . Urea hydrolysis was assessed using urea agar slant (Becton Dickinson, Sparks, MD, USA) containing 3% NaCl. For detection of pandemic markers, group-specific PCR (GS-PCR) and PCR targeting the gene encoding DNA methyltransferase (Mtase) were performed as previously described (Matsumoto et al. 2000; Wang et al. 2006 ).
MLST analysis
MLST was performed as described previously (Theethakaew et al. 2013) . Briefly, seven housekeeping genes of V. parahaemolyticus were amplified by PCR using specific primer pairs targeting dnaE, gyrB, recA, dtdS, pntA, pyrC and tnaA (shown in Table S1 ). The PCR products were purified using QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) in accordance with the manufacturer's instructions. DNA sequencing was performed with ABI PRISM 3130 (Applied Biosystems, Carlsbad, CA, USA) using the BigDye v3.1 cycle sequencing kit (Applied Biosystems). The sequencing data were analyzed using Genetyx-MAC version 17.0.1 (Software Development, Tokyo, Japan). Allele numbers and sequence type (ST) of each V. parahaemolyticus strain was obtained 
Phylogenetic analysis
For phylogenetic analysis, the minimum evolution (ME) tree for an in-frame concatenated sequence of each strain (3669 bp) was constructed by MEGA 5.2 software (Tamura et al. 2011 ) using the Kimura two-parameter model to estimate the evolutionary distances. To determine the confidence indices within the ME tree, the bootstrap test (1000 replicates) was used.
In silico MLST analysis
Allelic profiles and STs of three complete genome-sequenced strains, RIMD2210633 (clinical), BB22OP (environmental) and UCM-V493 (environmental), were obtained from the pubMLST V. parahaemolyticus database. Four draft genome sequences of V. parahaemolyticus strains isolated from EMS/AHPND shrimps, M0605, TUMSAT DE1 S1, TUMSAT DE2 S2 and TUMSAT D06 S3, were also queried against the pubMLST V. parahaemolyticus database to determine the allelic profiles and STs.
RESULTS
Distribution of AHPND markers in the isolates from shrimps and pond water
In order to determine whether V. parahaemolyticus strains isolated from farmed Pacific white shrimps and pond water possess AHPND markers, a total of 21 V. parahaemolyticus strains were tested for the possession of AP1 and AP2 regions by PCR amplification (Table 2) . We obtained amplicons for both AP1 and AP2 from eight strains (designated AP-positive strains). Among these eight AP-positive strains, five strains were isolated from farmed Pacific white shrimps and three strains were isolated from rearing pond water affected by an AHPND-suspected outbreak. By contrast, in three strains isolated from healthy shrimps and their corresponding pond water, no amplicons were obtained. In addition, we could not find the sequences of AP1 and AP2 markers in three complete genome sequences of V. parahaemolyticus strains RIMD2210633, BB22OP and UCM-V493 in silico, while the presence of AP1 and AP2 markers were found in all four draft genome sequences of V. parahaemolyticus strains isolated from EMS/AHPND shrimps M0605, TUM-SAT DE1 S1, TUMSAT DE2 S2 and TUMSAT D06 S3. We also examined whether human clinical strains of V. parahaemolyticus harbor the AP1 and AP2 markers. Ten V. parahaemolyticus strains were analyzed by PCR (Table 3) . No PCR products could be 
Distribution of conventional virulence factors in the AHPND isolates
Next, to analyze the distribution of known virulence factors of V. parahaemolyticus in AP-positive strains, we performed PCR assays targeting tdh, trh, T3SS1-related genes (VP1670, vepA, vopR, vopS, VP1689 and VP1694) , T3SS2α-related genes (vopT, vscS2, vscC2, vopP and vopB2) or T3SS2β-related genes (β-vopB2, β-vopC, β-vscC2 and β-vscS2) . In all eight AP-positive strains, tdh, trh, T3SS2α and T3SS2β genes could not be detected although amplified products of T3SS1-related genes were obtained (Table S4 in the online supplementary material). We also examined the KP and urease activity of the strains and they revealed that all AP-positive strains gave negative results for KP and urease activity. These results are consistent with previous reports that all V. parahaemolyticus strains possess the T3SS1 genes, and suggested that virulence factors of human pathogenic strains were absent from the AP-positive strains. In addition, all AP-positive strains were negative for GS-PCR and the Mtase gene, with the exception that the Mtase-encoding gene was detected in the strain VP-TRI, indicating that AP-positive strains were not related to pandemic clones of V. parahaemolyticus.
Phylogenetic analysis of the AHPND isolates by MLST
To analyze the genetic diversity of AHPND-associated and nonassociated strains, we performed MLST analysis using 21 strains isolated from farmed Pacific white shrimps and pond water. The sequence type (ST) and allelic profile of each strain is shown in Table 2 . The 21 isolates were divided into 17 STs. Among them, 15 were novel STs that had not been previously included in the pubMLST database, indicating that these strains show a high degree of genetic diversity. Of the 15 novel STs, 10 were closely related to previously identified STs in the pubMLST database by sharing from 4 to 6 allele types (Table S5 in the online supplementary material). For instance, comparing ST970 to ST713 revealed 21 nucleotide differences in 458 sites of the dtdS locus (4.6%), suggesting this had arisen by recombination. However, the remaining five new STs (ST972, ST974, ST976, ST979 and ST980) did not relate with any strain deposited in the database (data not shown). Eight AP-positive strains were divided into five Vibrio parahaemolyticus strains. The ME tree was constructed based on the concatenated sequences of seven housekeeping loci (3669 bp) of 29 V. parahaemolyticus strains obtained from the present study and strains from a database. Strains in the present study are underlined. Solid circles indicate AP + strains.
STs: ST970, ST971, ST975, ST982 and ST983. Three strains, VPBiot, 2HP and VP-E79, showed an identical ST, ST970. In addition, two strains, VP-E74 and VP-E76, showed an identical ST, ST975. We also analyzed the phylogenetic relationship among AHPND-associated strains. A phylogenetic tree was constructed with a minimum evolution (ME) method based on the concatenated sequences of seven housekeeping loci. In addition to the 21 strains associated with shrimps and pond water, seven strains whose genomes had been completely sequenced, and a human clinical strain, VP-P1, were subjected to the phylogenetic analysis. Interestingly, AP-positive strains were broadly distributed throughout the phylogenetic tree rather than belonging to a cluster in the ME tree (Fig. 1) . Furthermore, we constructed an additional ME tree based on the concatenated sequences of seven genes from 214 global strains whose STs were recorded in the pubMLST database (Fig. S1 in the online supplementary material). In this additional tree, the STs of AP-positive AHPND strains were also dispersed. Taken together, these results suggest that the genetic backgrounds of these AHPNDassociated strains were diverse, despite carrying AP1 and AP2 markers.
DISCUSSION
Recent outbreaks of AHPND have been causing serious damage to the shrimp farming industry in Asia (FAO 2013) . In the case of Thailand, the annual production of L. vannamei culture, which was 576 417 tons in 2012, fell by half to 304 091 tons in 2013 (Office of Agricultural Economics 2013). The AHPND is thought to be caused by V. parahaemolyticus, which is typically known to be a human pathogenic bacterium. In this study, we examined the distribution of the conventional virulence factors which are possessed by human pathogenic V. parahaemolyticus strains in AHPND-associated V. parahaemolyticus strains isolated in Thailand. Our PCR assays showed that none of the AHPNDassociated strains possess tdh, trh or T3SS2-related genes of human pathogenic strains, which is similar to previous results (Gomez-Gil et al. 2014; Joshi et al. 2014; Kondo et al. 2014; Kongrueng et al. 2015) . Lightner et al. (2012) reported that the pathology of HP of the AHPND shrimp was degenerative, and was similar to the lesions of HP exposed to aflatoxin B1 or a mitosis inhibitor benomyl, suggesting a possibility that toxin(s) may contribute to the pathogenesis in shrimps. Tran et al. (2013) also reported that bacteria-free culture supernatants from AHPND-causing strains induced the AHPND pathology in the reverse gavage treatments. Thus, it seems that AHPND-causing strains utilize virulence factor(s) that are different from the conventional virulence factors of human pathogenic strains.
The present phylogenetic analysis including AHPNDassociated, clinical and environmental V. parahaemolyticus isolates showed that the genetic backgrounds of the AHPNDassociated strains were highly diverse. This implies that these strains have acquired AHPND markers (and virulence genes) via horizontal gene transfer. The genetic diversity observed in the AHPND-causing strains was a contrast to the genetic uniformity of the pandemic V. parahaemolyticus strains causing global outbreaks of gastroenteritis in humans from 1996, which are thought to be derived from a single genetic lineage (González-Escalona et al. 2008) . Flegel and Lo (2014) suggested that the AHPND markers AP1 and AP2 originate from plasmid DNA, based on their preliminary sequence analysis. Both markers were encoded on the 63 kb contig of the TUMSAT D06 S3 strain, an AHNPD strain (Kondo et al. 2014) . The contig encodes the homologous proteins of conjugal transfer proteins, again suggesting they are located on a plasmid (Kondo et al. 2014; Han et al. 2015) .
Recent genome sequencing of V. parahaemolyticus strains causing AHPND of Pacific white shrimp revealed the genes encoding a toxin homologous to PirAB (Yang et al. 2014; Han et al. 2015) . PirAB, encoded by pirA and pirB genes in Photorhabdus luminescens, is an insect-related binary toxin that has been known to play a role in cytotoxicity against insect midgut cells and insecticidal activity against Spodoptera exigua larvae (Li et al. 2014 ). The pirAB-like genes encoding the PirAB-like toxin are located on the 69 kb plasmid pVPA3-1 of an AHPND-causing strain (Han et al. 2015) . Also, another recent study reported that the recombinant PirAB-like toxin from AHPND-causing strains can cause shrimp mortality with typical AHPND pathology . The presence of the AP markers (AP1 and AP2) in the AHPND isolates from the present study was associated with the presence of AP3, an alternative marker which was subsequently proposed for detection of AHPND isolates (Sirikharin et al. 2014 . All AP-positive strains in this study, except 2HP, gave positive results for AP3 detection by PCR (Table S1 ) (data not shown). The AP3 region exactly encodes the PirAB-like toxin. Altogether, these findings suggest that the PirAB-like toxin is a candidate for the virulence factor responsible for the pathogenicity of AHPND strains.
Recently, the sufficiency of the V. parahaemolyticus PirAB or PirAB vp toxin to cause AHPND pathogenicity was elucidated (Lee et al. 2015) . Although the evolutional history of AHPNDcausing strains is unclear at this stage, it is likely that the horizontal dissemination of plasmid carrying AP markers and virulent gene(s) converts non-pathogenic V. parahaemolyticus into shrimp-pathogenic strains. The AHPND virulence plasmid was suggested to be a self-transmissible plasmid due to the presence of a conjugative transfer gene cluster and two plasmid mobilization genes. Moreover, the loss of the pirAB vp genes converts the AHPND pathogenic strain to a non-pathogenic strain (Lee et al. 2015) . In this study, we found the co-occurrence of both AP + and AP − strains in the same rearing pond 3 (Table 2 ). However, little is known about the factors that stimulate non-pathogenic V. parahaemolyticus strains into newly emerging AHPND-causing strains. The factors involved in the AHPND outbreak are to be further evaluated. Environmental factors such as salinity and nutrients stimulate the horizontal gene transfer mechanisms in bacteria (Meibom et al. 2005; Parnell, Rompato and Latta 2010) . In particular, in vibrios, natural competence is induced by chitin, which is enriched in shrimp shell (Meibom et al. 2005) . It is a possible scenario that the shrimp farming ponds may serve as 'the cradle' for V. parahaemolyticus to acquire the genetic determinant(s) of virulence in shrimps. The readily transferable genetic elements might enable the rapid emergence of AHPNDcausing V. parahaemolyticus strains. In order to prevent the outbreak of AHPND-causing strains in the shrimp industry, the AP markers may be considered as a crucial tool for early detection in especially the post-larval stage of cultivated shrimp and rearing shrimp pond water. On-site technology for more rapid detection of AHPND-causing strains should be further developed.
